The phylogenetic validity of Puccinia and Uromyces, Pucciniaceae, and closely related genera was evaluated using nucLSU rDNA sequences. Using a wide range of rust species with different life cycles and with different host specificities, Puccinia and Uromyces were shown to be highly polyphyletic and to also include representatives of the genera Aecidium, Cumminsiella, Dietelia, Endophyllum, Miyagia, and Uredo. Furthermore, the structure of the phylogenetic data did not reflect previous sub-generic delimitations based on teliospore pedicel structure, but rather suggests that at least two major lineages have evolved within Puccinia/Uromyces: Rusts with telial states on Poaceae were exclusively found in one of these groupings and those with telial states on Cyperaceae resided in the other lineage. This might suggest that the two lineages evolved in close association with these host groups in different biomes.
made the first attempt at splitting the genera Puccinia and Uromyces into smaller and more manageable taxa based solely on life-cycle characteristics. This approach was legitimately criticised by Sydow (1921) and Dietel, 1922a and Dietel, 1922b , because Dietel (1899 had previously demonstrated the phylogenetic connection between a macrocyclic (P. coronata) and a microcyclic rust (P. mesneriana) based on teliospore morphology. Details of this concept were greatly elaborated by Tranzschel (1904) , and Tranzschel's law stating that microcyclic autoecious rusts can be linked phylogenetically to macrocyclic heteroecious rusts and their telia will occur on the former aecial host thus emerged. Because of Tranzschel's law, it became evident that a life-cycle based generic concept must lead to placement of very closely related species into different genera. Arthur (1934) consequently abandoned his life-cycle concept of genera and retained Puccinia and Uromyces based on their classical circumscription.
Phylogenetically, however, he treated them as if they were one big genus.
Below the genus level the robustness of the teliospore pedicel has been used to group species of both Puccinia and Uromyces (Fischer, 1904 , Klebahn, 1914 and Gäumann, 1959 . Arthur (1934) defined the subgenera Bullaria with fragile pedicels and consequently dehiscent teliospores and Eu-Puccinia with firm pedicels and consequently persistent teliospores, and also included Uromyces in this subgeneric definition.
Besides the giant genera Puccinia and Uromyces, there are various closely related satellite genera that have been described based on peculiarities of their life-cycles or teliospore morphology. Thus, Endophyllum (Léveillé 1826 ) is defined by a special lifecycle or ontogeny, in which the Puccinia-type aeciospores germinate to produce basidia.
The same holds true for Dietelia (Hennings 1897) , which forms part of the presumably polyphyletic Pucciniosiraceae that includes only endocyclic representatives. Miyagia (Miyabe 1913) has been treated as a discrete genus because of the presence of paraphyses around the telia. Cumminsiella was split from Uropyxis, where it had originally been accommodated due to similar teliospore morphology, because of its Puccinia-like spermogonial and uredinial morphology (Arthur 1933) .
Contemporary evidence based on molecular phylogenetic studies using different gene regions has accumulated in support of early evidence contesting the monophyly of Puccinia and Uromyces. Thus, in an ITS-based study, it was found that Puccinia hordei, openUP (July 2007) which produces both one-and two-celled teliospores, is more closely related to Uromyces scillarum than to other Puccinia species "and may be closely related to Uromyces leaf rusts on Hordeum" (Zambino & Szabo 1993) . With the help of nucLSU rDNA data, it was shown that both Puccinia and Uromyces are polyphyletic, but also encompass Cumminsiella and Endophyllum (Maier et al. 2003) . Likewise, using nucSSU rDNA data, it has been demonstrated that Miyagia and Dietelia belong to the monophyletic PucciniaUromyces cluster (Wingfield et al. 2004) . The fact that Endophyllum is embedded in Puccinia and that Puccinia and Uromyces are polyphlyetic could also be deduced from another phylogenetic study using ITS sequences (Wood & Crous 2005) . However, none of these DNA sequence-based studies have adequately considered the broader implications of their results. This is because the questions addressed in these studies were specific to particular groups of species and none of the studies included a large number of representatives of Uromyces and Puccinia.
In this study, we consider the phylogenetic relationships between the genera Puccinia, Uromyces, Cumminsiella, Miyagia, Dietelia and Endophyllum in considerably greater detail than has previously been attempted. The primary focus of interest is to find characters that correlate with natural groupings in the Puccinia/Uromyces complex, which eventually could help in promote a better understanding of this diverse and important group of rust fungi. Therefore, Puccinia and Uromyces species infecting a variety of plant families and displaying many different life cycle strategies were sampled.
Materials and methods

Sample collection and identification
The European samples included in this study were mainly collected by W.M., and then identified using light microscopy. Most of the southern African specimens were collected and identified by M.M. (Mennicken and Oberwinkler, 2004 , Mennicken et al., 2005a , Mennicken et al., 2005b and Mennicken et al., 2005c . Specimens that were used in this study, with additional information on host species, life-cycle, geographic origin and GenBank accession numbers can be found in Table 1 . Host relationships of the rusts at the family level are given in the columns I-host and IIIhost. "I" refers to aecial host, "III" to telial host. Heteroecious rusts can be identified by two different plant family names in these two columns. Autoecious macrocyclic rusts have the same family name presented twice in these two columns. "-" refers to those species lacking an aecial host and, thus, a short-cyclic rust. "?" refers to an unknown part of the life cycle. The host relationships of the outgroup species are cited in parentheses.
Acronyms used for geographical origin: As (Asia), CA (Central America), CE (Central Europe), NA (North America), NE (Northern Europe), SAf (Southern Africa).
DNA-isolation, PCR and DNA-sequencing
DNA was isolated from the rust spores that were lifted from fruiting structures on sequencing of both strands of the 5′ end of the large subunit of the ribosomal gene cluster was performed using the primer pair NL1 and NL4, LR 0R (Moncalvo et al. 1995) and LR 5 or LR 6 (Vilgalys & Hester 1990) . PCR, PCR product purification and cycle sequencing settings were as described previously (Maier et al., 2003 and Ritz et al., 2005) . DNA sequence electrophoresis was done on automated DNA sequencers (ABI 373stretch and ABI PRISM 3100 TM , Perkin-Elmer, Warrington, UK).
DNA-sequencing and phylogenetic analyses
Contigs of the double stranded nucleotide sequences were produced, proof-read and 
Results
Data structure
The phylogenetic trees obtained are based on the D1/D2 region of the nuclear large subunit of the ribosomal genes. The final alignment contained 550 characters, of which 179 were variable and 100 parsimony informative. The final alignment is deposited at TreeBASE (SN 2941; study accession number = S1606, matrix accession umber = M2889). In total 79 specimens representing 70 species were included in these analyses.
Phylogenetic trees
The tree topologies obtained by Neighbour Joining (Fig 1) and Bayesian phylogenetic inference (Fig 2) are largely congruent for supported clades. The main difference being that in the Bayesian phylogeny, many of the non-supported groups are presented as polytomies. Two highly supported larger groupings were obvious in both phylograms (Fig 1 and Fig   2) . These are the in-group as a whole (98 % bootstrap/100 % a posteriori probability),
comprising Aecidium, Cumminsiella, Dietelia, Endophyllum, Miyagia, Puccinia, and
Uromyces, and the group of species designated as cluster "I" (91 %/100 %). Only in the Bayesian analyses a large subcluster of cluster I was also highly supported (99 %). This subcluster was lacking the taxa of Puccinia urticata and the Aecidium sp. sampled. Puccinia/Uromyces species with Cyperaceae and Juncaceae as telial hosts were found only in Group I. In contrast, species with Poaceae as telial hosts were found only in Group II. Species with dehiscent ("Bullaria") as opposed to non-dehiscent ("EuPuccinia") teliospores, did not correspond to either of the two large clusters accommodating the species included in this study.
Species circumscription as reflected by the phylogenetic data
In most cases where several collections of the same species were sequenced, the sequences were identical or differed only in one base pair in the gene region being 
Phylogenetic trees showed that Cumminsiella clearly belongs to the Puccinia/Uromyces
cluster, which has previously been suggested (Maier et al. 2003) . Arthur (1933) recognized that Cumminsiella needed to be segregated from Uropyxis, which accommodated its representatives, because of its strikingly different spermogonial and aecial morphology. It then became clear that based on these characters Cumminsiella was very similar to Puccinia, from which it differs only by having two as opposed to one germ pore per teliospore. It must, however, be noted that certain Puccinia species also display two germ pores per cell (e.g. Puccinia abutili or Puccinia cephalandrae; Mennicken et al. 2005b) . All representatives of Cumminsiella are autoecious, most of them macrocyclic and they are naturally restricted to Mahonia and Berberis in the Americas (Baxter, 1957 and McCain and Hennen, 1982) . Considering these features collectively, we hypothesize that Cumminsiella is a monophyletic group within Puccinia/Uromyces, because the species included in this genus are morphologically and biologically strongly homogenous. (Savile, 1984 and Anikster et al., 2004) . This fact and the phylogenetic placement of Miyagia suggest that soral paraphyses are not phylogenetically useful and it is obvious that the validity of Miyagia should be questioned.
The observation that
Consistent with observations regarding Miyagia, results of this study suggest that the three species of Corbulopsora, which also display uredinial and telial peridia and are parasitic on Asteraceae, will reside in the Puccinia/Uromyces cluster. Corbulopsora can be interpreted as a one-celled ("Uromyces-type") variant of Miyagia. Cummins (1940) who erected the genus treated it under Miyagia in the first edition of the "Illustrated Genera of Rust Fungi" (Cummins 1959) but the genus was kept separate in the second and third editions of this work (Cummins and Hiratsuka, 1983 and Cummins and Hiratsuka, 2003) .
Results of this study show that both the endo-cyclic genera, Endophyllum and Dietelia, et al. 1994) . Following the argument already presented for Endophyllum and based on a phylogenetic species concept, Dietelia also would need to be merged with
Puccinia/Uromyces.
It is no surprise that the sampled representatives of Aecidium and of Uredo belong to the Puccinia/Uromyces cluster. The vast majority of species in these anamorph genera can be expected to belong here.
Sub-generic classification and the host relationships of phylogenetic groupings
Whether teliospores are borne on fragile versus robust pedicels correlates with phylogenetic groupings was also enquired. The relatively random distribution of this feature when plotted on a phylogenetic tree (Fig 1) , however, suggests that it is a variable convergent character that can change in closely related groups. The homoplasious nature of this character had been postulated by Savile, 1954 and Savile, 1971 , who gave a plausible ecological-evolutionary explanation for the observation that in closely related species-groups both types of teliospore pedicels can be found. Sub-generic classifications that had been based on this character, like the sub-genera Bullaria and Eu-Puccinia (Arthur 1934) do therefore not contain phylogenetic information.
The two large groups that were found in the present study correlate with the biology of the rust species and thus might represent true sub-generic monophyla. Rusts parasitizing Poaceae in their uredinial and telial stages were found in various sub-clusters of species residing in cluster II, but never in cluster I. In contrast, the rusts that are parasitic on Savile (1976) . While the Poaceae diversified mainly in dry grassland biomes, the Cyperaceae and Juncaceae radiated in a similar fashion predominantly in wet grassland biomes. Thus, the main-diversifications of Puccinia and Uromyces could have occurred through a mixture of radiation with Poaceae and Cyperaceae/Juncaceae, respectively, and frequent jumps to co-occurring new plant hosts in the respective biomes.
Also several smaller groupings observed in the phylogenetic trees correlate with the families on which these rusts occur, while the grouping of other species indicate that host jumps are likely to have been common within Puccinia/Uromyces, as was postulated before (Savile, 1971 , Savile, 1990 and Roy, 2001 Cyperaceae, more common in wet lands, are much less frequent. However, there was one southern African representative residing in Group I, P. windhoekensis, suggesting that its origin was from the "Cyperaceae-rust group". This is the first study based on a considerable taxon sampling using species from a broad range of host families and different geographic origins that has attempted to explore the phylogenetic structure of Puccinia and Uromyces and satellite genera. Intriguing phylogenetic patterns have emerged from the analyses including some that might have been expected and others that are surprising. Nonetheless, the polytomies in the Bayesian consensus tree and many statistically unsupported groupings in general show that various results of this study must be regarded as preliminary. The observed polytomies can be interpreted as reflection of the fact that less than 2 % of the 4500 or so species residing in Puccinia/Uromyces have been sampled. In addition, it is important to consider that the phylogeny is based on sequences of a single gene region, and the value of this gene region especially lies in detecting larger phylogenetic lineages within Puccinia/Uromyces. For these and for practical reasons no name changes have been attempted at this stage. However, the results should serve as a basis for further studies and for large-scale collaborations that will be necessary to address the questions raised here in more detail.
openUP (July 2007)
Addendum
Additional evidence to support this study is the research presented by van der Merwe et al. (2007) . Their study came to our attention only after the experimental part of the present study had been completed. They observe the same major groupings as we report in the present study. However, van der Merwe et al. (2007) used different gene regions and a different subset of species. As the two studies reflect similar results, we have chosen to submit both studies simultaneously in order that they would be published in the same journal issue.
During the review process of the present paper, a combined nuc rDNA SSU/LSU study was published dealing with higher-level relationships of the rust fungi (Aime 2006) . This study provides additional support for the view that Aecidium, Cumminsiella, Dietelia, Miyagia, Puccinia and Uromyces have a common origin. Pucciniosira and Sphenospora also formed part of that clade, and Puccinia and Uromyces were again shown to be polyphyletic.
